The p75 neurotrophin receptor (p75NTR), a member of the tumor necrosis factor receptor superfamily, facilitates apoptosis during development and after injury to the CNS. The signaling cascades activated by p75NTR that result in apoptosis remain poorly understood. In this study, we show that overexpression of p75NTR in primary cortical neurons, in pheochromocytoma cell line (PC12) cells, and in glioma cells results in activation of Jun kinase (JNK), accumulation of cytochrome c within the cytosol, and activation of caspases 9, 6, and 3. To link p75NTR-dependent JNK activation to mitochondrial cytochrome c release, regulation of BH3-domain-only family members was examined. Transcription of BH3-domain-only family members was not induced by p75NTR, but p75NTR-dependent JNK activation resulted in phosphorylation and oligomerization of the BH3-domain-only family member Bad. Loss of function experiments using Bad dominant negatives or RNA interference demonstrated a requirement for Bad in p75NTR-induced apoptosis. Together, these studies provide the first data linking apoptosis induced by p75NTR to the phosphorylation of BH3-domain-only family members.
Introduction
The four mammalian neurotrophins comprise a family of related growth factors required for differentiation, survival, development, and death of specific populations of neurons and nonneuronal cells. The effects of the neurotrophins are mediated by binding to cell surface TrkA (tyrosine kinase A), TrkB, and TrkC tyrosine kinase receptors and to the p75 neurotrophin receptor (p75NTR). Roles for Trk receptors in neurotrophin action in neuronal survival, growth, and synaptic modulation are now well established (Kaplan and Miller, 2000; Patapoutian and Reichardt, 2001) . The functions of the p75NTR receptor are complex and have been more difficult to ascertain (Dechant and Barde, 2002; Chao, 2003) . It is clear that p75NTR functions as a Trk co-receptor that increases neurotrophin binding affinity (Barker and Shooter, 1994; Ryden et al., 1997; Esposito et al., 2001) , and recent studies suggest that it may be a critical element in a receptor complex that responds to myelinbased growth inhibitory signals (Wang et al., 2002; Wong et al., 2002) and regulates myelination (Cosgaya et al., 2002) . p75NTR also has autonomous signaling roles, particularly in facilitating apoptosis. In vitro analyses have shown that p75NTR induces cell death in primary trigeminal (Davies et al., 1993) , hippocampal (Friedman, 2000; Brann et al., 2002) , and sympathetic neurons (Lee et al., 1994; Bamji et al., 1998) , as well as retinal precursor (Frade et al., 1996; Frade and Barde, 1998) , Schwann (SoiluHanninen et al., 1999; Syroid et al., 2000; Petratos et al., 2003) , oligodendrocyte (Casaccia-Bonnefil et al., 1996; Yoon et al., 1998) and neuroblastoma cells (Bunone et al., 1997) . In vivo, p75NTR plays a prominent role in apoptosis that occurs in glia and neurons after traumatic injury to the spinal cord (Casha et al., 2001; Beattie et al., 2002) or brain (Roux et al., 1999; Troy et al., 2002) and has been implicated in developmental apoptosis in somites (Cotrina et al., 2000) , retina, and spinal cord and in the peripheral nervous system .
The signaling events that link p75NTR activation to apoptosis are beginning to emerge and p75NTR-dependent apoptosis is associated with an increase in Rac and Jun kinase (JNK) activity and caspase activation (Gu et al., 1999; Tournier et al., 2000; Wang et al., 2001; Harrington et al., 2002 ). The precise ligand requirements for p75NTR apoptotic signaling are not clear, but recent studies have shown that unprocessed NGF (proNGF) is a more efficacious p75NTR ligand than mature NGF (Lee et al., 2001; Beattie et al., 2002) . A plethora of p75NTR interacting proteins have been identified , and some of these, including neurotrophin receptor-interacting MAGE homolog (NRAGE) (Salehi et al., 2000) , neurotrophin receptorinteracting factor (NRIF) (Casademunt et al., 1999) , and p75NTR-associated cell death executor (NADE) (Mukai et al., 2000) , facilitate p75NTR-dependent apoptosis. We have recently shown that NRAGE activates a mitochondrial death pathway involving JNK-dependent cytochrome c release and the activation of caspases (Salehi et al., 2002) , but establishing the precise roles of each of the cytosolic interactors of p75NTR remains a significant challenge.
Despite this progress, several important questions remain unresolved. The proximal elements that connect p75NTR to apoptotic pathways remain uncertain, and it is not clear whether JNK activation is a prerequisite for p75NTR-induced apoptosis in all responsive cells. Furthermore, the mechanisms used by p75NTR to induce mitochondrial cytochrome c release and caspase activation are unknown. In this report, we addressed the mechanism of p75NTR-induced apoptosis in primary mouse cortical neurons and in pheochromocytoma, glioma, neuroblastoma, and medulloblastoma cells. Our findings reveal that activated p75NTR invariably causes JNK activation, mitochondrial cytochrome c release, and caspase 9, 6, and 3 activation. We show that JNK activation is necessary for p75NTR-dependent caspase cleavage in all responsive cell types. To link p75NTR-induced JNK activation to mitochondrial dysfunction, we examined the ability of p75NTR to increase expression of BH3-domain-only proteins but found that p75NTR did not activate transcription of BH3-domain-only genes. Instead, we demonstrate that p75NTR activation results in JNK-dependent phosphorylation of the BH3-domain-only protein Bad and show that Bad is required for p75NTR-induced apoptosis.
Materials and Methods
Materials. Cell culture reagents were purchased from BioWhittaker (Walkersville, MD), unless otherwise indicated. The p75NTR antibody ␣P1 is directed against the p75NTR intracellular domain (Roux et al., 1999) . The antipeptide antibody to phosphorylated serine 128 BAD was directed against phosphopeptide C-EGMEEELpSPFRGRS conjugated to keyhole limpet cyanin and characterized as previously described . The phospho-Thr83 p53 antibody was a kind gift of Ze'ev Ronai (Mount Sinai School of Medicine, New York, NY). JNK1 antibody (C-17, catalog #sc-474), the two Bad antibodies (C-20, catalog #sc-943 and N-19 catalog #sc-6542) and the actin antibody (C-2, catalog #sc-8432) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-flag antibody (M2, catalog #F-3165) was obtained from Sigma (St. Louis, MO), cytochrome c antibody was purchased from PharMingen (San Diego, CA) (catalog #556433), ␤-galactosidase (LacZ) antibody Cortical neurons infected with 10, 50, or 100 MOI of LacZ or p75NTR recombinant adenovirus were lysed and analyzed by immunoblot for levels of LacZ, p75NTR, and full-length caspase 9 protein or, using cleavage-specific antibodies, for levels of cleaved caspases 3 and 6 and cleaved PARP. B, U373 cells were infected with 50 or 100 MOI of either LacZ or p75NTR adenovirus for 48 hr or treated with etoposide 50 M (ϩ), and then lysed and analyzed for increases in cleaved caspase 9. C, E15 cortical neurons, U373, and PC12 cells were left uninfected (0) or were infected with 100 MOI of LacZ (Lz), or p75NTR (p75) recombinant adenovirus. Thirty hours later, cells were fractionated for cytosolic components as described in Materials and Methods. Cytosolic fractions normalized for protein content were analyzed by immunoblotting with an antibody directed against cytochrome c. c-Jun (catalog #9261), phospho-Ser 73 c-Jun (catalog #9164S), c-Jun (catalog #9162), caspase-9 (catalog #9502), cleaved caspase-3 (Asp175, catalog #9661), cleaved caspase-6 (Asp198, catalog #9761S), and cleaved Poly(ADP-ribose) polymerase (PARP) (Asp214, catalog #9541) -specific antibodies were obtained from Cell Signaling Technology (Beverly, MA). Cleaved caspase-9 antibody was generously provided by Merck-Frosst (Dorval, Quebec, Canada) . Horseradish peroxidase-conjugated secondary antibodies were purchased from Jackson ImmunoResearch (West Grove, PA). Immunoreactive bands were detected using enhanced chemiluminescence purchased from PerkinElmer Life Sciences (Emeryville, CA). All other reagents were from Sigma, Calbiochem (La Jolla, CA), or ICN Biochemicals (Costa Mesa, CA), unless otherwise indicated.
Plasmids and recombinant adenovirus. Preparation of recombinant adenovirus expressing enhanced green fluorescent protein (AdGFP), ␤-galactosidase (AdLacZ), full-length p75NTR (Adp75NTR), the Flagtagged JNK-binding domain of JNK interacting protein (JIP1) (AdJBD), and HA-epitope tagged MLK-3 (adMLK3) have been previously described . All adenoviruses were amplified in 293A cells and purified on sucrose gradients, as previously described . Viruses were titered by optical density and using the tissue culture infectious dose 50 (TCID) assay in 293A cells. Titers are expressed in term of plaque-forming units. The Bad dominant-negative plasmid consisting of GFP fused to a Bad nonapeptide in which Ser128 was substituted by Ala and the parental GFP vector have both been previously described . The Bad RNAi construct was generated by targeting the sequence GGGAGCATCGTTCAGCAGCAGC in rat BAD, as previously described (Gaudilliere et al., 2002) .
Cell culture, infection, and transfection. Human glioma (U343, U373, U87, and U251) and medulloblastoma (UW228 -1, UW228 -3, UW228 -3, and Daoy) cell lines were provided by Dr. Roland Del Maestro (McGill University, Montreal, Quebec, Canada) and maintained in 5% CO 2 at 37°C in either DMEM or RPMI medium supplemented with 10% fetal calf serum (FCS) (Clontech, Cambridge, UK), 2 mM L-glutamine, and 100 g/ml penicillin-streptomycin. Neuroblastoma cell lines (SY5Y, SKNAS, 15N, and NGP) were provided by Dr. David Kaplan (University of Toronto, Toronto, Canada) and maintained as above. The rat pheochromocytoma cell line PC12 was maintained as previously described (Roux et al., 2001) , and the PC12rtTA cell line (PC12) was purchased from Clontech and maintained in 10% CO 2 at 37°C in DMEM supplemented with 10% FCS, 5% horse serum, 2 mM L-glutamine, 100 g/ml penicillin-streptomycin, and 100 g/ml G418. Cell lines were plated 18 -24 hr before transfection and typically harvested 24 -48 hr after infection. Primary cortical cultures were prepared from embryonic day 14 (E14)-E16 CD1 mouse telencephalon as described previously (Bhakar et al., 2002) . Neuronal cultures were infected before plating and maintained in Neurobasal media (Invitrogen, Gaithersburg, MD) supplemented with 1ϫ B27 supplement (Invitrogen), 2 mM L-glutamine, and 100 g/ml penicillin-streptomycin. PC12 cells were plated onto poly-L-lysine-coated plates and transfected using Lipofectamine2000 as directed by the manufacturer (Invitrogen). Cell lines were infected with adenovirus 24 hr after plating.
Cytochrome c release assay. Cytosol-enriched subcellular fractions were prepared as described in Salehi et al. (2002) . In brief, five million cells were harvested, washed once in Tris-buffered saline (10 mM Tris, pH 8.0, 150 mM NaCl), once in Buffer A (100 mM sucrose, 1 mM EGTA, and 20 mM 3-(N-morpholino)propanesulfonic acid, pH 7.4), and then resuspended in 500 l Buffer B (Buffer A plus 5% Percoll, 0.01% digitonin, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, 1 mM sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluoride). A sample of this suspension was retained as total cell lysate. The remainder was incubated on ice for 15 min and then centrifuged at 2500 ϫ g for 10 min to remove intact cells and nuclei. The supernatant was then centrifuged at 15,000 ϫ g for 15 min to pellet mitochondria. The final supernatant was designated cytosol.
Immunoblotting. Cells were lysed in radioimmunoprecipitation assay buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, 1 mM sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluoride) and analyzed for protein content using the BCA assay (Pierce, Rockford, IL). Samples were normalized for protein content, suspended in Laemmli sample buffer, separated by SDS-polyacrylamide gel electrophoresis, and electroblotted onto nitrocellulose. Blocking and secondary antibody incubations of immunoblots were performed in Tris-buffered saline-Tween (10 mM Tris, pH 8.0, 150 mM NaCl, and 0.2% Tween 20) supplemented with 5% (w/v) dried skim milk powder or 5% (w/v) bovine serum albumin (BSA) (Pierce). All primary antibody incubations were performed in the blocking solution, except for those involving phosphospecific antibodies that were performed in Tris-buffered salineTween supplemented with 5% BSA. Immunoreactive bands were detected by chemiluminescence (Perkin-Elmer Life Sciences), according to the manufacturer's instructions.
Survival assay. Analysis of cell survival was performed by MTT assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), which was added at a final concentration of 1 mg/ml for the last 4 hr of a 48 hr infection. The reaction was ended by the addition of one volume of solubilization buffer (20% SDS, 10% dimethylformamide, and 20% acetic acid). After overnight solubilization, specific and nonspecific absorbencies were read at 570 and 690 nm, respectively. Each data point was performed in triplicate or quadruplicate, and experimental results were analyzed by multiple ANOVAs with statistical probabilities assigned using the Tukey test for multiple comparisons. Each experiment was performed independently at least three times.
RT-PCR. 450,000 U373 cells or primary cortical neurons were infected with virus, and 24 hr later mRNA was isolated using the RNEasy Mini kit according to the manufacturer's instructions (Qiagen, Hilden, Germany). cDNA was generated using the Omniscript RT kit (Qiagen) and random hexamers (Roche) as primers. PCR was performed for 30 cycles using 300 nM of the following primers for U373 cells: actin sense, 5Ј CAC-CACTTTCTACAATGAGC; antisense, 5Ј CGGTCAGGATCTTCAT-GAGG; hBIMEL sense, 5Ј TGGCAAAGCAACCTTCTGATG; antisense, 5Ј AGTCGTAAGATAACCATTCGTGGG; hBMF sense, 5Ј CTTGCTCT-CTGCTGACCTGTTTG; antisense, 5Ј AAGCCGATAGCCAGCATTGC; hHrk/Dp5 sense, 5Ј TCGGCAGGCGGAACTTGTAG; antisense, 5Ј GCTG-TATGTAAATAGCATTGGGGTG; hBIK sense, 5Ј AACCCCGAGATA-GTGCTGGAAC; antisense, 5Ј GCTGGAAACCAACATTTTATTGAGC; hPUMA sense, 5Ј ACTGTGAATCCTGTGCTCTGCC; antisense, 5Ј AC-CCCCCAAATGAATGCCAG; hNOXA sense, 5Ј CCAAACTCTTCTGCT-CAGGAACC; antisense, 5Ј CGGTAATCTTCGGCAAAAACAC.
For mouse cortical neurons, PCR was performed using the same conditions as above using the following primers: mBimEL sense, 5Ј CCCCTACCTCCCTACAGACAGAA; antisense, 5Ј CCAGACGGAA- GATAAAGCGTAACAG; mBMF sense, 5Ј CTTGCTCTCTGCTGAC-CTCTTTG; antisense, 5Ј GTTGCGTATGAAGCCGATGG; mHrk/Dp5 sense, 5Ј TGGAAACACAGACAGAGGAAGCC; antisense, 5Ј AAAG-GAAAGGGACCACCACG; mBIK sense, 5Ј TCACCAACCTCAGG-GAAAACATC; antisense, 5Ј AGCAGGGGTCAAGAGAAGAAGG; mNOXA sense, 5Ј TGATGTGATGAGAGAAACGCTCG; antisense, 5Ј AAAGCAATCCCAAACGACTGCC; p75NTR sense, 5Ј TGAATTCTG-GAACAGCTGCAAAC; antisense, 5Ј CCTTAAGTCACACTGGGGAT-GTG. Five percent of the cDNA prepared was used in a 25 l PCR reaction, and the reaction product was separated on an 8% polyacrylamide gel, stained with ethidium bromide, and visualized under UV light.
Single-cell caspase-3 activation assay. PC12 cells were transfected with plasmids encoding either GFP alone, GFP fused to a dominant interfering Bad nonapeptide, or GFP plasmid and pU6/BS-Bad RNA interference plasmid at a 1:2 ratio. Cells were infected with either adLacZ or with adp75NTR 48 hr after transfection and fixed 24 hr later using 4% paraformaldehyde in PBS. Cells were blocked in TBS supplemented with 5% donkey serum and 0.3% Triton X-100 for 30 min and then incubated for 18 hr at 4°C with control rabbit sera or with antibodies directed against cleaved caspase 3. Secondary antibodies (donkey anti-rabbit conjugated Cy3) and Hoescht 33248 were applied for 2 hr at 4°C. GFP-positive cells were scored for the presence of activated caspase 3 by a blinded observer, with 300 cells counted per condition. This experiment was repeated three times, and the composite data were analyzed for statistical significance by ANOVA (Tukey's honestly significant difference (HSD) multiple comparison).
Results
The physiological conditions that result in activation of p75NTR apoptotic pathways are complex and likely regulated by multiple ligands and co-receptors. We have previously shown that recombinant adenovirus expressing full-length p75NTR or the p75NTR intracellular domain efficiently induces apoptosis in the absence of added ligand (Roux et al., 2001) , and this approach was used to define apoptotic signaling pathways activated by p75NTR. We began by testing cell lines and primary cell types for susceptibility to p75NTR-induced death. Figure 1 shows that primary mouse cortical neurons, PC12 pheochromocytoma cells, and U343 and U373 glioma lines all showed reduced viability when infected with adenovirus-expressing p75NTR, whereas infection with control adenovirus expressing ␤-galactosidase (LacZ) had no significant effect. Other lines tested, including other glioma lines (U251 and U87), various medulloblastoma lines (Daoy, UW288 -1, UW288 -2, and UW288 -3), and neuroblastoma lines (SY5Y, 15N, NGP, and SKNAS) were resistant to p75NTR-induced death in this assay (data not shown). For the remainder of this study, we focused our attention on p75NTR-dependent apoptosis in primary mouse cortical neurons, rat PC12 cells, and human U343 and U373 glioma lines.
Activation of the extrinsic apoptotic pathway by death receptors that are structurally related to p75NTR results in autocleavage and activation of caspase 8. Activation of the intrinsic apoptotic pathway results in release of mitochondrial contents and activation of caspase 9. We therefore determined the activation status of apical caspases 8 and 9 and effector caspases 3 and 6 during p75NTR-induced apoptosis. Expression of p75NTR resulted in a reduction in levels of full-length caspase 9, a corresponding increase in activated caspase 9, caspase 3, and caspase 6 and accumulation of the cleaved form of PARP, a caspase 3 substrate (Fig. 2 A,B) . In contrast, p75NTR-dependent caspase 8 cleavage was not observed in any of the cell types examined (data not shown). p75NTR-dependent caspase activation was not caused by adenoviral toxicity because cells infected with comparable quantities of LacZ adenovirus did not exhibit caspase activation. These data indicate that p75NTR-induced apoptosis occurs primarily through an intrinsic death pathway that involves release of mitochondrial contents and activation of caspase 9.
Caspase 9 activation requires formation of an apoptosome complex consisting of caspase 9, Apaf-1, and cytosolic cytochrome c. Release of cytochrome c from mitochondria into the cytosol is a key regulatory step in this process. To determine if cytochrome c is released during p75NTR-induced apoptosis, cells were left uninfected or were infected with p75NTR or a control adenovirus, then lysed, subjected to subcellular fractionation, and cytosolic fractions were analyzed for cytochrome c levels by immunoblot. Figure 2C shows that cytochrome c was not detected in the cytosol of uninfected cells or in cells infected with control adenovirus, whereas cytosolic cytochrome c was readily detected in the cytosol of cells expressing p75NTR. Thus, p75NTR induces cytochrome c release from mitochondria of multiple cell types.
Activation of the JNK pathway is an important regulator of apoptotic events in several neuronal death paradigms, and JNK can be activated by p75NTR in several cell types. Consistent with this, we found that p75NTR expression in primary mouse cortical neurons and in PC12 and U373 cells consistently resulted in phosphorylation of JNK (Fig. 3A,B) and induced a doseresponsive increase in the phosphorylation of c-Jun, a JNK target (Fig. 3C) . These results indicate that 75NTR-induced JNK activation is a consistent feature of p75NTR-responsive cell types.
To begin to address the role of the JNK pathway in p75NTR-induced apoptosis, we tested the effect of CEP1347, a MAP3K inhibitor that exhibits anti-apoptotic effects in several neuronal and non-neuronal systems (Saporito et al., 2002) . We first tested the ability of CEP1347 to block c-Jun phosphorylation in PC12 cells overexpressing MLK3, an MAP3K identified as a target of CEP1347 (Maroney et al., 2001; . Figure 4 A shows that the compound almost completely blocked the robust c-Jun phosphorylation induced by this kinase. We next examined whether CEP1347 reduced c-Jun phosphorylation or caspase 3 activation, which was induced by p75NTR. CEP1347 did indeed reduce p75NTR-dependent c-Jun phosphorylation and caspase 3 activation but only at high concentrations (500 -1000 nM) (Fig.  4 B,C) (data not shown). These findings indicate that reductions in MAP3K and JNK signaling attenuates apoptosis induced by p75NTR yet suggest that blockade of a nonpreferred target of CEP1347 is required for this effect.
To directly assess the role of JNK activity in p75NTR-induced death, an adenovirus expressing the JNK binding domain of the JIP1 scaffolding molecule (AdJBD) was used to inhibit JNK activity in vivo. This JIP1 fragment is believed to sequester JNK and thus acts as an effective dominant inhibitor of JNK signaling (Harding et al., 2001 ). We first confirmed that AdJBD is capable of blocking JNK-dependent target phosphorylation by demonstrating that it blocked c-Jun phosphorylation induced by tumor necrosis factor (TNF)␣, a well characterized JNK pathway inducer (Fig.  5A) . Subsequent studies established that AdJBD was equally effective in blocking c-Jun phosphorylation induced by p75NTR expression (Fig. 5B) . To determine if JNK inhibition blocked apoptotic signaling induced by p75NTR, cells were infected with p75NTR in the absence or presence of AdJBD and assessed for caspase 3 activation. Expression of AdJBD effectively blocked caspase 3 activation in all responsive cell types, indicating a crucial role for JNK activation in the p75NTR-induced apoptotic cascade ( Fig.  5C ) (data not shown).
These data demonstrate that JNK activation is a prerequisite for p75NTR-induced apoptosis, but substrates of JNK that play a role in p75NTR-induced apoptosis are unknown. To begin to characterize targets of JNK involved in p75NTR-induced death, we first compared c-Jun phosphorylation induced by p75NTR or MLK3, a potent inducer of JNK activity (see above). Figure 6 A shows that p75NTR and MLK3 induced robust phosphorylation of JNK. However, there was considerable discordance between the JNK activation, c-Jun phosphorylation, and caspase-3 activation induced by p75NTR versus MLK3. p75NTR and MLK3 induced comparable JNK phosphorylation, but only MLK3 produced a substantial increase in c-Jun phosphorylation, whereas only p75NTR induced substantial cleavage of caspase 3. To determine if our experimental design may have missed an early peak in p75NTR-induced c-Jun phosphorylation, JNK activation and c-Jun phosphorylation were examined at 12, 18, 24, and 30 hr after adenovirus infection. Figure 6 B shows that phosphorylated JNK was first detected 18 hr after p75NTR infection and increased further by 24 and 30 hr. Cleaved caspase 3 was detectable 24 hr after infection, but c-Jun phosphorylation showed a significant lag, and an elevation in phospho-Jun levels were detected only after 30 hr infection. These data show that JNK activation correlates with p75NTR-induced death and suggests that c-Jun is not a preferred substrate of the JNK complex that is activated by p75NTR.
BH3-domain-only proteins directly and indirectly induce the association of Bax and Bak, which in turn facilitate release of mitochondrial proteins such as cytochrome c into the cytosol. Transcriptional activation of BH3-domain-only genes through c-Jun-or p53-dependent pathways is important in apoptosis in several neuronal and non-neuronal settings. We therefore examined whether p75NTR-induced apoptotic signaling correlated with accumulation of BH3-domain-only gene products. PC12 and U373 cells and cortical neurons were infected with LacZ or p75NTR adenovirus and alterations in mRNA levels of the BH3-domain-only family members Bim, Bmf, Hrk, Bik, Puma, and Noxa were determined by RT-PCR. mRNA corresponding to each of these family members were readily detected in both cell types examined, but p75NTR-dependent increases in their levels were not detected (Fig. 7) (data not shown). This indicates that JNK activation induced by p75NTR does not induce transcription of BH3-domain-only genes and suggests that alternate pathways are responsible for p75NTR-induced cytochrome c release and caspase 3 activation.
BH3-domain-only proteins can, in some instances, be regulated by post-translational mechanisms. Akt-dependent phosphorylation of Bad on Ser112 and Ser136 allows it to associate with 14 -3-3 proteins and thereby suppresses its pro-apoptotic activity. Apoptotic kinases including JNK directly activate the cell death machinery by phosphorylating Bad at Serine 128 . The phosphorylation of Bad at this residue disrupts the interaction of Bad with 14 -3-3 proteins, thus allowing Bad to induce apoptosis . We therefore determined if p75NTR activation resulted in phosphorylation of Bad on Ser128. PC12 and U373 cells were infected with LacZ or p75NTR adenovirus and alterations in Bad phosphostatus were examined by immunoblot. Figures 8, A and B, shows that p75NTR expression had little effect on the levels or phosphostatus of monomeric Bad (ϳ25 kDa) but rather induced the accumulation of a higher molecular weight species (ϳ75 kDa). This product was detected by two antibodies directed against distinct epitopes in Bad (N19, C20) as well as by a phosphospecific antibody directed against the JNK phosphorylation site within Bad. The 75 kDa product therefore appears to represent a stable oligomeric complex containing Bad phosphorylated on Serine 128. To determine if JNK activity contributes to p75NTR-dependent Bad phosphorylation and oligomerization, PC12 cells were infected with adenovirus expressing p75NTR in the absence or presence of Ad-JBD, lysed and examined by Bad immunoblot. Figure 8C shows that inhibiting JNK activity with AdJBD prevented formation of the Bad complex, indicating that JNK activity is required for p75NTR-dependent Bad phosphorylation and oligomerization.
To determine if phosphorylation of Serine 128 within Bad is necessary for p75NTR-induced caspase activation, PC12 cells were transfected with a dominant-negative Bad serine 128 mutant allele and then infected with p75NTR or control virus. The ability of the dominant-negative Bad construct to inhibit p75NTR-dependent caspase 3 activation was assessed after 24 hr of virus infection by scoring transfected cells for the presence of cleaved caspase 3. Figure 9 shows that expression of the dominant-negative Bad serine 128 mutant allele confers significant protection from p75NTR-induced caspase 3 cleavage, suggesting that Bad phosphorylation is necessary for p75NTR-induced apoptosis. To confirm that caspase 3 cleavage induced by p75NTR requires Bad, p75NTR-induced apoptosis was assessed in cells in which the endogenous level of Bad were reduced using RNA interference. The ability of the RNAi construct to reduce Bad levels was first validated in 293 and PC12 cells (supplementary Fig. 2 , available at www.jneurosci.org) and then used to reduce Bad levels in PC12 cells before adenovirus infection. PC12 cells were transfected with GFP alone or with GFP together with the Bad-RNAi plasmid and, 48 hr later, were infected with either p75NTR or LacZ adenovirus for 24 hr. PC12 cells transfected with Bad-RNAi do not generate pyknotic nuclei (data not shown) and are highly resistant to p75NTR-induced caspase-3 cleavage (Fig. 9) , indicating a crucial role for Bad in the p75NTR apoptotic pathway. (p75) adenovirus, and 24 hr later mRNA was isolated as described in Materials and Methods. RT-PCR was performed using primers directed against Bim, Bmf, Hrk, Bik, Puma, Noxa, p75NTR, and Actin as indicated.
Discussion
The mechanisms used by p75NTR to induce apoptosis are unique and bear little similarity to cell death signaling pathways used by other pro-apoptotic members of the TNF receptor superfamily.
In this report, we show that p75NTR-induced death correlates with cytosolic accumulation of cytochrome c and activation of caspase 9 and caspase 3. Using the JNK binding domain of JIP as a dominant suppressor of JNK activity, we show that JNK is required for p75NTR-induced caspase 3 activation. Under conditions in which p75NTR induces JNK phosphorylation and death, p75NTR does not increase mRNA levels of BH3-domain-only family members that are transcriptionally regulated by c-Jun or p53. Instead, we demonstrate that p75NTR specifically increases phosphorylation and oligomerization of Bad and show that Bad plays a crucial role in p75NTR-induced death.
Ligand binding to cell surface apoptotic receptors such as Fas and DR3 induces cell death by initiating formation of a deathinducing signaling complex that facilitates FAS-associated death domain-dependent caspase 8 aggregation and activation. Other death stimuli induce apoptosis primarily via cytochrome c-dependent activation of caspase 9 (Shi, 2002) . Activation of caspase 8 versus caspase 9 is therefore a distinguishing regulatory event that provides insight into the precise apoptotic pathways invoked by an extracellular stimulus. We have found that in glioma cells, PC12 cells, and primary cortical neurons, p75NTR-induced apoptosis is invariably accompanied by the activation of caspase 9, caspase 6, and caspase 3, whereas p75NTR-dependent caspase 8 activation was never observed. This suggests that activation of the intrinsic death pathway is crucial for p75NTR-induced apoptosis and indicates that cytosolic mitochondrial cytochrome c accumulation is an important regulatory step in p75NTR-induced death. These findings are in substantial agreement with other studies examining p75NTR-dependent caspase activation and are consistent with a recent study showing that blockade of caspase 9 activity significantly attenuates p75NTR-induced apoptosis (Gu et al., 1999; Wang et al., 2001; Troy et al., 2002) . Together, these results show that p75NTR induces apoptosis through an intrinsic death pathway that results in mitochondrial cytochrome c release and caspase 9 activation.
The JNK signaling cascade plays a crucial role in apoptosis induced by a variety of stimuli (Kuranaga and Miura, 2002) . We examined the role of JNK in p75NTR-induced apoptotic signaling by expressing a fragment of the JIP scaffolding molecule that directly binds to JNK and thus acts as a dominant JNK suppressor. This approach revealed that JNK signaling is a critical prerequisite for p75NTR-dependent caspase activation in all cell types examined. We also report that CEP1347 reduces p75NTR-dependent death but only at high concentrations, suggesting that inhibition of p75NTR-induced death by CEP1347 likely results from blockade of a nonpreferred target distinct from MLK3. Together with other recent studies (Friedman, 2000; , these data therefore indicate a crucial role for JNK activation in p75NTR-induced apoptosis in all cell types examined to date and raise the possibility that enzymes in the JNK pathway may provide feasible targets for inhibiting p75NTR-induced apoptosis after traumatic CNS injury.
BH3-domain-only family members inhibit the action of antiapoptotic Bcl-2 family members such as Bcl-2 and Bcl-xL and facilitate the action of Bax and Bak at the mitochondria (Letai et al., 2002) . The regulation of BH3-domain-only proteins is a key step linking proximal signaling events to the induction of cell death (Huang and Strasser, 2000) . In sympathetic neurons, JNK activation results in phosphorylation of c-Jun, which in turn results in transcription of the BH3-domain-only family members Bim and Hrk (Harris and Johnson, 2001; Putcha et al., 2001; Whitfield et al., 2001) . In other systems, p53 activation results in transcription of distinct pro-apoptotic BH3-domain-only family members, such as Noxa and Puma (Wu and Deng, 2002) . We therefore hypothesized that p75NTR-dependent apoptosis was associated with transcription of known BH3-domain-only family Bad is required for p75NTR-induced apoptosis. PC12 cells were transfected with GFP plasmid alone or with GFP plasmid together with plasmids encoding DN-Bad (S128A) or expressing Bad-RNAi. Cells were infected 48 hr later with LacZ or p75NTR adenovirus and, at 24 hr after infection, were fixed and immunostained for cleaved caspase 3 as described in Materials and Methods. Control experiments established that cleaved caspase 3 immunoreactivity correlates with TUNEL staining and is thus a valid surrogate for direct measurement of apoptosis (see supplementary Fig. 1 , available at www.jneurosci.org). Transfected cells were scored for caspase 3 cleavage by a blind observer (n ϭ 300 cells/condition). **Indicates a difference of p Ͻ 0.001 between GFP/Mock (Bar 1) and GFP/p75NTR (Bar 5), and *indicates a difference of p Ͻ 0.001 between GFP/p75NTR (Bar 5) and both DN-Bad/p75NTR (Bar 6) and with Bad RNAi/ p75NTR (Bar 7), indicated by ANOVA.
members. However, p75NTR does not appear to enhance transcription of BH3-domain-only family members, suggesting that alternative pathways are required for p75NTR-dependent caspase activation.
BH3-domain-only family members are present in normal cells in the absence of apoptotic stimuli and must be rendered inactive to prevent apoptosis. One mechanism that accomplishes this is sequestration through protein-protein interactions. For example, the BH3-domain-only protein Bad is bound to 14 -3-3 (Zha et al., 1996; Datta et al., 2000) , and Bim and Bmf are sequestered in the cytosol by binding to dynein light chain or myosin V (Puthalakath et al., 1999 (Puthalakath et al., , 2001 ). Significantly, recent findings have revealed that the sequestration of these three BH3-domainonly proteins can be negatively regulated by JNK. UV irradiation of HEK293 cells results in JNK-dependent phosphorylation of Bmf and Bim, releasing these proteins from their cytoskeletal association and allowing them to contribute to the apoptotic cascade (Lei and Davis, 2003) . The Serine 128 phosphorylation of BAD activates BAD specifically by inhibiting the interaction of Serine 136-phosphorylated BAD with 14 -3-3 proteins . Serine 136 is a target of survival factor-induced kinases, including Akt, and the observation that p75NTR induces phosphorylation of BAD at Serine 128 suggests that p75NTR promotes apoptosis by opposing survival factor signals that suppress the cell death machinery. p75NTR activation also results in the oligomerization of Bad through a JNK-dependent pathway. Aside from Bad itself, the components of this stable oligomeric complex remain unknown but may include anti-apoptotic proteins such as Bcl-2 and Bcl-Xl (Letai et al., 2002) . These findings provide the first data linking p75NTR activation to the phosphorylation of BH3-domain-only family members and indicate that p75NTR regulates apoptosis through a JNK pathway that is independent of transcription. Palmada et al. (2002) have recently found that c-Jun is not required for p75NTR-induced cell death. Consistent with this, our data show that levels of c-Jun phosphorylation induced by p75NTR are modest and do not induce transcription of c-Jun targets that include Bim and Hrk. Thus, although c-Jun phosphorylation is a useful surrogate to assess JNK activation, it does not appear to play a significant role in p75NTR-induced apoptosis. However, alternative JNK-dependent pathways may contribute to p75NTR-dependent apoptosis. One candidate pathway involves p53, which can be activated by direct JNK phosphorylation and has been implicated in p75NTR-induced apoptosis in one study . However, p75NTR readily induces apoptosis in U373 cells that lack functional p53 (Fig. 1) and phosphospecific antibodies directed against Thr 81, a JNK target residue in p53 (Buschmann et al., 2001 ), or against Ser15 or Ser20 (Dumaz et al., 2001) did not reveal significant p75NTR-dependent phosphorylation of p53 (data not shown). Nonetheless, we cannot rule out the possibility that p53 or related family members may play a role in p75NTR-induced apoptosis in specific circumstances.
In this and previous studies, we have used p75NTR overexpression as an experimental paradigm to study p75NTR-induced apoptosis. p75NTR levels often rise dramatically after neuronal injury, and the injury-induced accumulation of p75NTR is tightly associated with neuronal death in vivo (Roux et al., 1999; Troy et al., 2002) . However, although p75NTR overexpression is a convenient paradigm for analyzing downstream, it is important to emphasize that p75NTR binds multiple ligands, and these are certain to modulate its activity. In particular, recent studies indicate that the pro-form of NGF is a potent activator of p75NTR-induced apoptosis in vitro and in vivo (Lee et al., 2001; Beattie et al., 2002) and a crucial next step will be to directly assess the effects of proneurotrophins on p75NTR signaling events.
p75NTR plays a prominent role in nervous system apoptosis, particularly after trauma, and identification of the pro-apoptotic signal transduction mechanisms activated by the receptor are beginning to emerge. In this study, we show that p75NTR-dependent JNK activation is required for caspase activation. We demonstrate that p75NTR-dependent JNK activation induces phosphorylation and activation of Bad, a BH3-domain-only protein, and we show that Bad is required for apoptosis induced by p75NTR.
